Feedback control theory methods have been successfully applied in synthetic biology previ-56 ously [Steel et al., 2017b] , [Hsiao et al., 2018] , [Ang and McMillen, 2013] , [Briat et al., 2016] , 57 [El-Samad et al., 2002] , [Del Vecchio et al., 2008] , [Lillacci et al., 2018] , [Cantone et al., 2009] .
58
For example, in order to achieve a desired protein expression level an external computer was 59 used to decide the input to the system (chemical or light induction) based on output mea-60 surements [Menolascina et al., 2011 , Milias-Argeitis et al., 2011 , Uhlendorf et al., 2012 . Such 61 systems have inherent drawbacks, as control is achieved by interfacing the living cells with a 62 digital computer that implements the control system.
63
Over the past few years, focus has shifted towards designing self-contained in vivo con-64 trollers. While the vast majority of these experimental implementations were protein-based [Hsiao et al., 2014 , Folliard et al., 2017 , Rosenfeld et al., 2002 small non-coding RNAs (sRNAs) 66 have also been recently used in this context [Ghodasara and Voigt, 2017, Takahashi et al., 2014, 67 Hu et al., 2018 , Kelly et al., 2018 . sRNAs are found in all domains of life and have been shown 68 to play critical regulatory roles in many processes [Cech and Steitz, 2014] , [Michaux et al., 2014] ,
69
[ Robledo et al., 2018] , [Gottesman and Storz, 2011] , [Livny and Waldor, 2007] , [Nitzan et al., 2017] .
70
Most sRNAs characterised to date act as post-transcriptional regulators by interacting with 71 specific mRNA targets. Feedback loops involving sRNAs can be found in natural biological pro-72 cesses, for example in the regulation of the expression of quorum-sensing genes [Liu et al., 2013] 73 and in the promotion of a switch for adequate Lrp-dependent adaptation to nutrient availability 74 [Holmqvist et al., 2012] . Post-transcriptional down-regulation is favourable since no proteins are 75 being expressed in this regulation mechanism. Instead, sRNAs are produced quickly, potentially 76 propagating signals rapidly [Holmqvist et al., 2012 , Hussein and Lim, 2012 , Mehta et al., 2008 Takahashi et al., 2014] and require less energy than proteins, hence reducing the burden to the 78 host. Their operational dynamics are also much faster due to their naturally high degrada-79 tion rate [Hussein and Lim, 2012] . Therefore, sRNAs provide a promising alternative to the 80 commonly used transcriptional control [Steel et al., 2017 , Agrawal et al., 2018 .
81
In this work, we considered two sRNA-based designs to filter variations in transcription,
82
shown in Figure 1 . In the first design the regulatory sRNA is placed under the control of a sepa-83 rate promoter to the one controlling transcription of a target gene (henceforth in trans design).
84
In the second design, the sRNA is placed directly downstream of the target gene in cis so that Figure 1: I. Two conceptual designs of filters using sRNA. In the in trans design, the mRNA and the sRNA are under two separate promoters, while in the in cis design the sRNA is placed downstream of the mRNA under the same promoter. II. Block diagrams of the in trans and in cis designs. III. Mathematical model for the designs. In the in cis design, we have β m = β s = β ms , where β ms is the production rate of mRNA and sRNA in the in cis design. IV. Improved disturbance rejection in the in cis design. In both designs, the perturbation was applied on the mRNA production rate. In the in trans design, β m = u(t) = 1 + w(t) [nM/min] and in the in cis design β ms = 1 + w(t) [nM/min]. In the plot, the protein concentrations were normalised by dividing by the steady-state expression of the models with β m = β ms = 1 [nM/min]. The simulations show that the signal w(t) is attenuated more efficiently in the in cis design than the in trans design. These simulations also indicate that the transcription noise should be attenuated more efficiently in the in cis design.
As the in cis design also attenuates the mean steady-state of the signal, this module can also 97 be used in feedback control in order to reduce the strength of the feedback. We demonstrate the 98 value of the in cis design on the P tet /TetR autorepressor. Here, sRNA is used to tune the TetR 99 feedback strength without modifying the rest of the system. Our numerical simulations suggest 100 that the in cis design offers a tunable response in terms of the mean output while attenuating 101 transcription noise. We first considered the conceptual designs of the in trans and in cis filters depicted in Figure 1 .I (and as block diagrams in Figure 1 .II), which can be modelled using a similar set of reactions. In the in trans design we assumed the following reactions:
where Prot denotes a protein, which is the filter output. In this design, mRNA and sRNA are 105 transcribed in two different chemical reactions with rates β m , β s , respectively.
106
In the in cis design, however, mRNA and sRNA are transcribed in the same reaction with the same transcription rate β ms , so that this model takes the form
sRNA instantaneously. This conceptual (or ideal) representation drove the biological implemen-108 tation discussed later in the text.
109
In both designs we assumed that mRNA is translated into a protein at the rate k t and that the 110 degradation/dilution rate for every species is different, as mRNA generally degrades faster than 111 proteins and the reported values for the degradation rate of sRNA vary [Hussein and Lim, 2012] .
112
We also assumed that the rate of mRNA-sRNA unbinding is negligibly small, as previously
113
reported [Hussein and Lim, 2012, Kelly et al., 2018] , and therefore we did not include it in our 114 model. Modelling both designs using mass-action kinetics yielded the model presented in Figure   115 1.III, with the difference that for the in cis design, we have β m = β s = β ms .
116
Note that while sRNA down-regulates the translation process in both designs, the two designs 117 lead to different responses to disturbances in the mRNA transcription process. Indeed, the in cis Figure 2 : Implementation of the in cis filter. I. Experimental design: sfGFP and sRNA are placed under the control of a P tet promoter and separated by an HHR9 ribozyme. The schematics for the ribozyme and the synthetic sRNA are adapted from [Perreault et al., 2011] and [Yoo et al., 2013] , respectively. II. Importance of the ribozyme for efficient attenuation. Fluorescence output measured at different aTc concentrations for designs with and without HHR9, compared to the fluorescence of a system without sRNA attenuation. III. Fine tuning the attenuation level. Fluorescence output measured for varying length of the target binding sequence (TBS) at different aTc concentrations. Solid lines correspond to model predictions.
Next we constructed the in cis design in the laboratory and to test experimentally whether 132 controlled attenuation could be achieved using this design. To further minimize the burden 133 on the cell, we chose to use a low copy number plasmid as the vector to implement our in 134 cis RNA-based attenuator design (Table S4 in SI). We also chose to use P tet as the inducible 135 promoter as it offers tight regulation in response to aTc. As a proof-of-principle, we chose 136 sfGFP as the output to be attenuated. The synthetic regulatory sRNA was designed fol-137 lowing the protocol described by [Na et al., 2013 , Yoo et al., 2013 De La Peña and García-Robles, 2010 , Perreault et al., 2011 , between sfgfp and the sRNA.
147
We monitored cell fluorescence over time in response to varying levels of aTc for two con- Having established that the conceptual designs can be implemented experimentally, we proceeded with a more detailed mathematical model to understand further their properties. For convenience we labelled the mRNA of GFP as mGFP. We assumed that self-cleavage of the ribozyme takes place after transcription of the full RNA, that is, mGFP-ribozyme-sRNA (labelled fmRNA) is cleaved into mGFP and sRNA with a rate k rc . We assumed that sRNA binds to mGFP preventing GFP translation. We also assumed that sRNA can bind to fmRNA, which can then self-cleave into sRNA and an mGFP-sRNA complex. Since experimental data suggests that the presence of a ribozyme is essential for sRNA and mRNA binding in the in cis design, we assumed that fmRNA (mGFP-ribozyme-sRNA strand) does not bind to the target mRNA (mGFP). We assumed that GFP can be translated both from mGFP and fmRNA. The other reactions were assumed to be the same as for the in trans design, leading to the following 
We followed the standard mass-action kinetics modelling framework and obtained the model 169 presented in Figure 3 .III. We analysed the resulting model as described in the SI. In particular,
170
the frequency domain analysis showed that both in cis and in trans designs implement a low-pass sRNA, which then binds to fmRNA forming the complex, which contains a ribozyme and splits
180
to an inert complex mGFP-sRNA and a free sRNA.
181
We also derived a non-dimensional model of the in cis design, which clearly exhibited timescale separation between the quantities f + m, s, p on one side and f , c on the other (see SI for details). This allowed the derivation of a simplified deterministic model of the in cis filter Table S1 in SI). We replaced the production The simulations of the conceptual model suggest that the in cis design attenuates intrinsic 208 noise of the promoter in a much more efficient way than the in trans design. We verified 209 this hypothesis by performing stochastic simulations using the Gillespie Algorithm with the 210 parameters/parameter ranges in Table S1 . We considered the coefficient of variation as a noise 211 metric ( Figure 5) . We plotted the coefficient of variation relative to the mean steady-state for 212 each design. These numerical simulations suggest that the in trans design has a very narrow Table S2 in SI.
216
This analysis suggests a simple method to design the in cis filter: choose the maximum possible 217 combination of β ms , k rep that achieves the desired GFP mean values.
218
Additional simulations (see Figure S3 in SI) for the in cis design revealed that the level of 219 noise attenuation can be tuned by several parameters: the repression strength k rep , the ribozyme 220 cleavage rate k rc and the degradation rate of sRNA δ s . In particular, increasing the ribozyme 221 cleavage rate k rc or the sRNA degradation rate δ s lead to a decrease in the noise levels. We then proceeded to investigate how the two modules behave in a feedback interconnection, such as for example when an tetR-gfp fusion gene is placed under the control of a P tet promoter. In this case, we expect the TetR being produced to repress the activity of P tet (Figure 6 .I). We consider the following chemical reactions for the in trans design:
Here, GFP production is not modelled since it is fused to TetR and only serves as a reporter 225 on TetR production. Both TetR and sRNA are controlled by P tet (see SI for a full model 226 description). We assume that the rest of the interactions follow mass action kinetics.
227
We assume that β t = β s to aid comparison with the in cis design, which can be modelled 
For the stochastic simulations in Figure 6 .II we used the parameters/parameter ranges in 228 to the sRNA and mRNA transcription rate being decoupled. Lastly, our in cis design requires 252 less cellular resources (e.g. RNA polymerase), decreasing the burden imposed on the cell.
253
We successfully implemented this new sRNA-based filter in vivo. Our approach, using 254 synthetic sRNA as described by [Na et al., 2013 , Yoo et al., 2013 allows not only attenuation filter is proportional to the ribozyme cleavage rate adding another benefit to the development 279 of synthetic fast-cleaving ribozymes.
280
Further theoretical analysis showed that our design is a useful tool for feedback control 281 design. We showed that the in cis design is well suited to tune down the feedback strength in with lower noise levels.
290
In this paper we presented a new sRNA-based feedback filter module. Together with the 291 fast dynamics at which RNA operates, our in cis architecture is a simple, modular and tunable
292
construct that can be applied in a wide range of synthetic biology applications while keeping 293 the burden imposed on the cell at a minimum level. 
